Abstract: Myoglobin (horse heart, Mb) adsorbed on carbon electrodes or in solution at platinum electrodes was used for electrocatalytic reduction of trans-1,2-dibromocyclohexane (DBCH) and trichloroacetic acid (TCA) in a bicontinuous microemulsion, prepared from sodium didodecyl sulfate (SDS) or hexadecyltrimethylammonium bromide (CTAB), tetradecane, pentanol, and water. Carbon electrodes (glassy carbon, GC, and pyrolytic graphite, PG) exhibited adsorption peaks, whereas platinum (Pt) portrayed diffusion-controlled peaks. Electrode reduction of Mb had E 0 ′ at -0.179 ± 0.013 V at GC/SDS, -0.189 ± 0.015 at GC/CTAB, and -0.562 ± 0.018 at Pt/SDS and 0.611 ± 0.008 at Pt/CTAB media. Current efficiencies for electrocatalytic reduction of TCA were higher than that for reduction of dibromocyclohexane. For both substrates, dibromocyclohexane and trichhloroacetic acid, a lowering of overpotential of at least 1.3 V was achieved. Overall, the Pt electrode exhibited higher catalytic efficiencies compared to carbon electrodes, suggesting higher surface concentration and unhindered orientation of the substrate on the Pt electrode. For DBCH, catalytic efficiencies decreased with scan rate, at carbon electrodes as expected for homogeneous solutions, whereas an average value of 2.22 ± 0.42 in SDS and 3.29 ± 0.76 in CTAB microemulsion was obtained at Pt electrodes at a scan rate range of 15 to 3000 mV s -1 . Pseudo-first-order rate constants (k′) for the rate-determining step (rds) involving reaction of organohalides with catalyst had an average value of 41 ± 1 M -1 s -1 for reduction of DBCH/SDS and 4.8 ± 1.0 × 10 2 M -1 s -1 for reduction of TCA/SDS. Moreover, rate constants were higher in CTAB microemulsion, giving values of 1.5 ± 0.016 × 10 2 and 2.75 ± 0.67 × 10 3 M -1 s -1 for DBCH and TCA, respectively. Positive interfacial charge of the microemulsion conduits influenced catalytic reaction of catalyst and the substrate. Under the conditions of the experiment, no hydrogen evolution was observed at Pt electrodes.
INTRODUCTION
The use of surfactants to bring oil and water together produces a "new" class of solubilization media, in this case known as bicontinuous microemulsion [1] . Microemulsions are less toxic and less expensive than the conventional organic solvents commonly used to dissolve nonpolar molecules, specifically needed for synthesis in industries and destruction of organohalide pollutants [2] . This is in line with the
EXPERIMENTAL SECTION

Chemicals and solutions
Cetyltrimethylammonium bromide (CTAB, 99 %), sodium dodecyl sulfate (SDS, 99 %), and tetradecane were from Acros and were used as received. Horse skeletal muscle myoglobin from Sigma was dissolved in a pH 4.6 buffer (0.01 M acetate titrated with acetic acid) containing 0.05 M NaCl or in a pH 4.6 SDS (13 %) microemulsion containing 0.1 M NaCl or in CTAB (5 %) microemulsions. Microemulsions were prepared by mixing the following components (% weight): 13 % SDS was added to stirred water (52 %) solution containing 0.1 M NaCl. This was then titrated with 27 % n-pentanol, followed by 8 % tetradecane. 5 % CTAB was added to stirred 88.6 % water, then titrated with 5.4 % n-pentanol and 1 % tetradecane. Trichloroacetic acid (TCA) was from Janssen Chimical. Trans-1,2-dibromocyclohexane, tetradecane, and pentanol were from Aldrich. Water was purified with Hydro Service & Supplies equipment to a specific resistance >18 MΩ−cm. All other chemicals were reagent grade.
Apparatus
A CHI 660 and 430 Workstation (CHI Instruments) was used for cyclic voltammetry and bulk electrolysis. A three-electrode cell was used with saturated calomel electrode (SCE) as reference electrode. A platinum wire was used as the counter electrode and PG (0.17 cm 2 ) or GC (0.10 cm 2 ) with or without adsorbed Mb or platinum disk (0.018 cm 2 ) were used as the working electrodes. All experiments were performed at ambient temperature (22 ± 2 °C), except for bulk electrolysis, which was done at 4 °C.
Voltammetry on electrodes containing preadsorbed metMb was done in acetate buffer (pH 4.6) or in microemulsions. All solutions (5 ml) were purged with pure nitrogen gas for at least 25 min prior to initiation of the experiment. A nitrogen-saturated environment was then maintained during experimental runs. Initially, all electrodes were polished with 400-, 600-grit silicon carbide paper (Carbimet), then 0.3 µm alumina on Mark V Laboratory green billiard cloth on a polishing wheel for a minute, followed by ultrasonication. Water was applied during each polishing step. Later, for each experimental run at Pt electrode the electrode was polished on Buehler green cloth (1 min) followed by rinsing in water and drying in a nitrogen atmosphere.
RESULTS
UV-vis spectroscopy
Absorption spectra of Mb, pH 4.6, acetate buffer gave a characteristic band with λ max 409 (Fig. 1) , similar to what was reported earlier [36] [37] [38] . However, in SDS microemulsion, pH 4.6, a blue shift in absorption band occurred, giving a peak at λ max 401, similar to what was observed in CTAB microemulsion [36b], suggesting surface charge on the surfactant does not influence the soreto band significantly. Moreover, in n-pentanol a band occurred at λ max 401. Since Mb does not dissolve in tetradecane, these results indicate that Mb resides in the interstitial sites of the microemulsion and not in the water channel alone.
Voltammetry
The bicontinuous SDS/water/tetradecane/pentanol (13:52:8:27) and CTAB/water/tetradecane/pentanol (5:88.6:1:5.4) microemulsions chosen for this work had been characterized previously by conductivity, viscosity, and diffusion methods [39] [40] [41] [42] . These studies showed that these fluids are continuous in both oil and water. In order to relatively retain the nativity of Mb, the solutions were initially prepared in acetate buffer (pH 4.6) or in SDS microemulsion (pH 4.6), then diluted to the required concentrations in the appropriate media. Cyclic voltammograms of 0.07 mM in anaerobic SDS microemulsion at a polished basal plane PG electrodes gave a reduction peak at -0.268 V vs. SCE and an oxidation peak cen- tered around -0.18 V vs. SCE (Fig. 2) . The peaks represents the MbFe(III)/Fe(II) redox couple, as reported previously [26, 31, 43] . Similarly, reduction of metMb at GC electrode in SDS microemulsion gave a reduction peak at -0.23 V and an oxidation peak at -0.21 V vs. SCE. The peak separation (Epa-Epc) was less than 60, at low scan rates, suggesting adsorption phenomenon. Adsorption of Mb at carbon electrodes was confirmed by the shape of voltammograms and a plot of current (I p ) vs. scan rate, which gave a linear relationship [44] . A nonlinear relationship was obtained for a plot of I p vs. υ 1/2 , where υ is the scan rate in mV s -1 . Scan rate studies (υ = 25-800 mV s -1 ) at GC-SDS system did not show any significant peak shift (Fig. 3) . Similar results were obtained in CTAB microemulsions, except that reduction peaks shifted slightly. On the other hand, reduction of Mb at Pt electrode in SDS microemulsions gave a reduction peak at -0.57 V vs. SCE and an oxidation peak at -0.48 V of equal magnitude (Fig. 3b) . The peak separation was 60 mV at low scan rates, suggesting diffusion-controlled conditions. For this electrode, peak currents were proportional to υ 1/2 , in the range of 25 to 3000 mV s -1 , as expected for diffusion-controlled electrode process [44] . The high current densities and diffusion coefficients observed for this electrode are consistent with the formation of a thick Mb-surfactant film on Pt electrode, through which Mb diffuses. 
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Adsorption
Voltammograms indicated that the adsorbed Mb layers at GC and PG electrodes were stable in SDS and CTAB microemulsions and acetate buffer solution for several days, even when there was no Mb in the solution. When the previously used electrodes were used in fresh microemulsions or acetate buffer, Mb peaks were still detectable. For GC and PG to be used for new experiments, extensive polishing, starting from 400-grit silicon carbide papers, was necessary to removed the adsorbed layers of myoglobin. Overall, results at carbon electrodes suggest that the main reduction wave of MbFe(III)/Fe(II) redox couple consists of electrode surface-bound species, which demonstrates a case of thin-layer electrochemistry. This is further supported by the fact that voltammograms obtained in a stirred solution, involving nitrogen flow, did not show significant variation in current-potential curve.
Electrode parameters
The apparent standard heterogeneous rate constant for electron transfer (k o′ ) and formal potentials for the MbFe(III)/Fe(II) redox couples were obtained from CV data (Table 1 ) by using standard procedures [44] . Diffusion coefficient could only be obtained in case of Pt electrodes, since diffusion occurred within the thick films of the surfactant layers on the surface of the electrode. Moreover, electron-transfer rate constant (k o′ ) for the MbFe(III)/Fe(II) couples were higher than those obtained in aqueous acetate buffer solutions [43, 45] . Former potentials taken as potentials at a 85.17 % peak current (CV) were slightly more positive for the MetMbFe(III)/Fe(II) couples in SDS than in CTAB. This may be attributed to the size and the type of charge on the two hydrophobic chains of the microemulsions. Normally, one would expect the positive charge on CTAB to stabilize the reduced species of the MbFe(III)/Fe(II) couple, which is not the case here, suggesting that the size of the hydrocarbon chain outweighs the electrostatic forces. Sufficient reversibility in CV of the MbFe(III)/Fe(II) couple at scan rates above 100 mV s -1 but less than 3000 mV s -1 was obtained to estimate formal potentials and heterogeneous rate constants in SDS and CTAB microemulsions. Theoretical curves were constructed (Fig. 4) and used to estimate the heterogeneous rate constant (k o′ ) of electron transfer [44, [46] [47] [48] . 
Current efficiency
The current efficiency (I c /I d )¸defined as the ratio of the current in the presence (I c ) and absence of the substrate (I d ), at a potential of the catalyst in absence of the substrate, decreased with the scan rate, at GC electrodes (Table 2) , as expected. However, it remained relatively constant at Pt electrodes, with an average value of 2.22 ± 0.42 for DBCH/SDS/Pt and 3.29 ± 0.76 for DBCH/CTAB/Pt system. Results for catalytic reduction of DBCH were similar in SDS and CTAB microemusions at GC electrodes. When 20 mM trichloroacetic acid was added to metmyoglobin in SDS and CTAB microemulsion, a large increase in MbFe(III)/Fe(II) reduction current was observed at both GC and Pt electrodes (Fig. 5) . The oxidation peak for MbFe(III)/Fe(II) decreased significantly, and the overall reduction potential of the catalyst shifted slightly to more positive values, due to decrease in pH. Direct reduction of TCA occurs at -1.7 V vs. SCE, suggesting a lowering of overpotential for the reduction of TCA by about 1.3 V, which is an energy-saving factor for decomposition of organohalides and electrosynthesis for starting materials in industries. The increase in current for TCA/CTAB/GC is about twice that observed for TCA/SDS/GC ( Table 2 ). The catalytic current (I c ) decreased with increase in scan rate in case of GC, as expected, but remained relatively constant in the case of Pt electrodes (Table 2) . 
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Catalytic decomposition of organohalide
The organohalide decomposition pathway, Scheme 1, proposed for the catalytic reduction of alkyl halides in organic solvents and water in oil microemulsions [28] [29] [30] [31] 34, 43, 46] , using porphyrin metal complexes, was tested for SDS and CTAB data at GC electrodes.
MbFe(II) + intermediates → MbFe(III) + alkene + halide (3)
Scheme 1
According to Scheme 1, the active form of the catalyst, MbFe(II), formed at the surface of the electrode (eq. 1), reacts with either DBCH (RX2) or TCA (RX3) in the rate-determining step (rds, eq. 2). Equation 2 yields the intermediates and regenerates the catalyst, MbFe(III), which is recycled at the electrode surface, thereby increasing the reduction current [44, 46] , now called the catalytic current (I c ). The intermediates can be reduced by MbFe(II) in a solution electron transfer (SET, three-dimensional electron distribution, in the sense that electron is no longer restricted to move in one dimension only as in the case of electron from the electrode) or in an adsorbed electron transfer (AET) microenvironment. This step further increases the catalytic current. The rate-determining step involves the bimolecular reaction of MbFe(II) with RX2 or RX3, where X is bromide ion in the case of DBCH or X is chlorine in the case of trichloroacetic acid. The ratio of the catalytic current (I c ) in the presence of the substrate (DBCH or TCA) to the current in the absence of the substrate (I d ) is known as the catalytic efficiency (CE), symbolized I c /I d . Variation of catalytic efficiency with scan rate (v) is used to estimate the rate constant (k′) of the rate-determining step (rds) of the overall reaction [44, [46] [47] [48] . A theoretical working curve of I c /I d vs. λ 1/2 , where λ= 0.02567[substrate]k′/v, was used to estimate k′ (Fig. 6) . For a given media and substrate, k′ was relatively constant at different scan rates, as demonstrated by stan-G. N. KAMAU AND B. MUNGE dard deviations of at least ±10 % (Table 3) . Goodness of fit of Scheme 1 to the data is found from the agreement of the experimental values (I c /I d ) ploted using the average k′ with the theoretical curve (Fig. 6) . Both SDS and CTAB microemulsions showed good agreement with the theoretical curve. 
DISCUSSION
In aqueous solutions, catalytic hydrogen evolution usually occurs at potentials more positive than -0.5 V vs. SCE at Pt electrodes. However, this work demonstrated that aqueous microemulsions of SDS and CTAB are capable of expanding the working potential window of Pt electrode up to about -2.0 V vs. SCE. This was attributed to restricted microenvironment created by the water and oil channels, making H + ions in water conduits unavailable for reduction at Pt electrode. [26, 33] . Moreover, the results compared well with those obtained at DDAB microemulsions, where copper and nickel were used as the catalysts [9] . On the other hand, the rate constants were significantly lower than those obtained for catalytic reduction of TCA by vitamin B 12 Co(I) in homogeneous acetonitrile water [26, 30] . The lower catalytic efficiencies (I c /I d < 5 at carbon electrodes) may be rationalized on the basis that theoretically catalytic currents decrease when the standard potential of the redox catalyst becomes less negative [28] . The current work is a case of high positive values for reduction of the catalyst, relative to that of the substrate, demonstrating high lowering of overpotential for the reduction of DBCH and TCA at GC electrodes. But in the case of Pt electrode, the redox potential of the catalyst is more negative than that at GC, by about 300 mV, which partially explains the increase in catalytic efficiency at this electrode. Moreover, at this point one cannot rule out completely the slight influence of catalytic hydrogen evolution in the presence of substrate, particularly for the reduction of TCA at Pt, even though this was not observed for direct reduction of substrate in the absence of MetMbFe(III)/Fe(II) couple. According to Table 2 , the behavior for catalytic reduction of DBCH is relatively similar in both SDS and CTAB microemulsions at both electrodes (GC and Pt). However, catalytic efficiencies for TCA were significantly higher than that of DBC in both SDS and CTAB microemulsions. This is attributed to the fact that TCA is polar relative to DBCH and therefore it resides in the water channels, in the vicinity of the myoglobin, which is also polar, thereby enhancing the reaction rates of the two reactants. DBCH resides exclusively in the oil channel or in the interfaces occupied by the surfactants, and therefore its reaction with catalyst is constrained to some extent. Close scrutiny of the data (Table 2) indicates that catalytic efficiency for reduction of TCA in CTAB is about twice that in SDS microemulsion at GC electrodes. This may be rationalized on the fact that the positive surface charge on the surfactant (CTAB) stabilizes the reduced form of the polar TCA intermediates and MbFe(II) much more than the negatively surface charged SDS surfactant.
The significantly higher value of k′ obtained in TCA/CTAB system suggests influence of positive surface charge of the surfactant on the products. Definitely, the positive charge on CTAB microemulsion is expected to stabilize the X -ions produced, more strongly than the negatively charged SDS microemulsion.
CONCLUSIONS
Microemulsions made of SDS and CTAB gave reversible MbFe(III)/Fe(II) voltammetry at GC, PG, and Pt electrodes. Reactions at GC and PG occur via a thin layer of adsorbed catalyst on the surface of the electrode. The adsorbed films were stable for several weeks. On the other hand, reactions at Pt electrodes gave diffusion-controlled peaks, demonstrating a thick adsorbed layer of Mb-surfactant on the surface of electrode. Catalytic reduction of DBCH and TCA occurred at around -0.2 V vs. SCE, whereas direct reduction of DBCH and TCA occurs at potentials more negative than -1.7 V vs. SCE. This gives a lowering of decomposition potential for DBCH and TCA of about 1.4 V, which is a significant saving of energy. This work demonstrates the use of SDS and CTAB microemulsions as a media for solubilization of Mb, which is known to be sensitive to different media due to denaturing properties. The catalytic efficiencies decreased with the scan rate as expected with other media. The blue shift of soreto band of Mb in SDS microemulsion, by 8 nm, relative to what is observed in water (acetate buffer) indicates that the catalyst is in a microenvironment different from that of water alone, pointing a finger to residency in interstitial sites occupied by the surfactant. The results showed subtle significant differences between SDS and CTAB microemulsion, signifying the possibility of designing microassembly G. N. KAMAU AND B. MUNGE
